ABSTRACT The beak is the dominant avian facial feature, and beak deformity occurs in 0.5 to 2.5% of some indigenous chicken breeds, resulting in difficulties when eating, drinking, and performing natural behaviors. Previous studies on beak deformity focused largely on candidate molecules associated with skeletogenic development, providing insight into the molecular and genetic underpinnings of beak deformity. The present study was performed to identify candidate proteins related to this malformation in chickens. Three 12-dayold Beijing-You roosters with deformed beaks (D1, D2, and D3) and 3 with normal beaks (N1, N2, and N3) were used, and total beak proteins were isolated and subjected to standard iTRAQ labeling, strong cationexchange chromatography, and liquid chromatographytandem mass spectrometry. Mascot 2.3.02 was used to identify and quantitatively analyze proteins. Gene Ontology and Kyoto Encyclopedia of Genes and Genomes pathway enrichment analyses were used to identify functions and metabolic pathways of differentially expressed proteins, and key proteins were further validated using western blot. A total of 2,370, 2,401, and 2,378 proteins were reliably quantified in 3 biological replicates, among which, 2,345 were common to all, and 92 were differentially expressed between the 2 groups. These included 37 upregulated and 55 downregulated proteins in deformed beaks. Pentraxin-related protein 3, hemopexin, lipoprotein lipase, retinoid-binding protein 7, and biliverdin reductase A were downregulated in all 3 sets, while parvalbumin, peptidyl-prolyl cistrans isomerase, and ubiquitin-fold modifier 1 were upregulated. Pathway analysis returned no enriched pathways, and western blot validated the iTRAQ results. Parvalbumin and lipoprotein lipase could be firstly selected as key proteins in view of their known functions in regulating the buffering of intracellular free Ca 2+ in both cartilage and bone cells and bone mass, respectively. Their potential roles in beak deformity, however, deserve further studies. In summary, the onset of beak deformity could be very complex, and this study will be helpful for future investigation of mechanistic explanation for beak deformity.
INTRODUCTION
The beak is the dominant avian facial feature, and comprises multiple facial prominences including the frontonasal prominences (FNP), paired maxillary prominences (MXP), paired lateral nasal prominences (LNP), and paired mandibular prominence (MNP) 2 Corresponding author: chen.jilan@163.com (Brugmann et al., 2006) . During development, these prominences are appropriately coordinated to compose a unique beak displaying species-specific morphological differences (Wu et al., 2004) . The upper beak is derived from the FNP and MXP, and the MNP forms the lower beak . Striking morphological differences underlie this multifunctional tool for gathering food, grooming, fighting, courtship display, feeding young, nest-building, manipulating objects, and even thermoregulation (van de Ven et al., 2016) . The morphological characteristics of beaks also reflect the adaptive evolution and ecological requirements of birds (Tattersall et al., 2017) . For example, the 14 species of Darwin's finches exhibit diversity in beak dimensions that reflect differences in their diets (Bowman, 1961) . The Crossbill (Loxia spp.) is another example of a unique beak structure resulting from pronounced asymmetry in the vertical plane, which facilitates the extraction of seeds from conifer cones (Benkman, 2010) .
In recent decades, beak deformity has been documented in wild birds such as Black-capped chickadees Van Hemert et al., 2012) , Northwestern crows ( Van Hemert and Handel, 2010) , and domestic avian species including Japanese quail (Tsudzuki et al., 1998a) . Defective beaks can severely compromise growth and fitness, and the causes of beak deformity have long fascinated ornithologists. Malformations have been associated with certain nutritional disorders (Tangredi, 2007) , parasites (Galligan and Sonia, 2009 ), food source , genetic abnormalities (Tsudzuki et al., 1998b) , and environment pollutants (Handel and Van Hemert, 2015) , but conclusive evidence to support these causes has not yet been produced, and the specific mechanisms underlying beak deformity are not well understood.
In chickens, beak deformity was reported to be caused by environmental factors such as hypoxic incubation Burggren, 2005, Smith et al., 2013) and toxins (Blankenship et al., 2003; Al-Qudsi and Al-Jahdali, 2012) . Beak deformity was also found in Beijing-You chickens (Figure 1) , an important indigenous breed in China. In the absence of those reported known environmental factors which may misshape the beak, birds with deformed beaks appear consistently in each generation of this breed, even though their parents are normal, implying genetic determinants as the cause of malformation (Bai et al., 2014 (Bai et al., , 2018a . The heritability of beak deformity trait in Beijing-You chicken was estimated at 0.10 (Bai et al., 2018b), which further suggested its hereditary cause. Beak deformity caused by hereditary factors has also been recently reported in Appenzeller Barthuhn, a local Swiss chicken breed (Joller et al., 2018) .
The chickens are both important agricultural and model animals; hence, the continued effort is deserved to advance our understanding of the mechanisms underlying beak deformities. Beak development is regulated by many factors including some key proteins such as bone morphogenetic protein 4 (Wu et al., 2004) and fibroblast growth fatctor-8 (MacDonald et al., 2004) , and proteomics is an effective tool for identifying candidate proteins that regulate complex biological processes. As reported, isobaric tagging for relative and absolute protein quantification (iTRAQ) multiplex quantitative proteomics method shows advantage of identifying more proteins when compared with the traditional gel-based method (Robbins et al., 2013) . Therefore, in the present study, the iTRAQ was employed to identify proteome profile of chicken beak and explore the differentially expressed proteins (DEP) as the potential candidates associated with the formation of beak deformity.
MATERIALS AND METHODS

Ethics Statement
The study was performed in accordance with local ethical guidelines and met the requirement of the institutional animal care and use committee.
Animals and Protein Sample Preparation
Three 12-day-old Beijing-You roosters with deformed beaks (D1, D2, and D3) and 3 with normal beaks (N1, N2, and N3) were used in this study as outlined in Figure 2 . They were selected from a Beijing-You chicken pure line incubated contemporarily and kept under the same environment on the poultry farm of Institute of Animal Science, Chinese Academy of Agricultural Sciences. Beak samples from these 6 chickens were collected after manual cervical dislocation and stored at -80
• C before further operation. The processing of beak samples and protein purification followed the protocols provided by BGI Tech Solutions Co., Ltd. (BGI-Tech, Shenzhen, China) as mentioned below. Beak samples were ground into fine powder in liquid nitrogen, and total proteins were extracted with lysis buffer (7 M urea, 2 M thiourea, 4% CHAPS, 40 mM TRIS-HCl, pH 8.5) containing 1 mM phenylmethylsulphonyl fluoride and 2 mM ethylenediaminetetraacetic acid for 5 min. Dithiothreitol (DTT; 10 mM) was added to each sample and sonicated for 15 min, centrifuged at 25,000 × g for 20 min, and the supernatant was mixed with a 5-fold volume of ice-cold acetone containing 10% trichloroacetic acid and incubated at -20
• C for 2 h. After centrifugation at 16,000 × g for 20 min, the precipitate was extracted again with lysis buffer for 5 min, DTT (10 mM) was added and sonicated for 15 min, then centrifuged at 25,000 × g for 20 min. Proteins in the supernatant were reduced and alkylated by adding 5 μL DTT (10 mM) at 56
• C for 1 h and 10 μL iodoacetamide (55 mM) in the dark at room temperature (RT) for 45 min. Proteins were precipitated by ice-cold acetone and redissolved in 400 μL triethylammonium bicarbonate (TEAB; 0.5 M) for 15 min. After centrifugation at 25,000 × g for 20 min, the supernatant was transferred to a new tube, and protein concentration was determined using a Pierce BCA Protein Assay Kit (Thermo Fisher Scientific, Rockford, IL) following the manufacturer's instructions. Sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE) using 50 μg of each sample was performed to verify the protein quality and concentration.
iTRAQ Labelling
Proteins from each sample (100 μg) were digested using trypsin (Promega, Madison, WI) at 37
• C overnight, and products were dried in a centrifugal vacuum concentrator and reconstituted with 30 μL of dissolution buffer (0.5 M TEAB at pH 8.5). The resultant peptide mixture was further labeled using chemicals from the iTRAQ reagent kit (AB SCIEX). Six isobaric tags (115, 116, 117, 118, 119, and 121) were used to label the 6 peptide mixtures following the manufacturer's instructions. Each isobaric tag-labeled sample was pooled together and dried in a vacuum centrifuge for further usage.
Strong Cation-Exchange Chromatography (SCX)
Strong cation-exchange chromatography (SCX) separation was performed on a LC-20AB instrument (Shimadzu, Kyoto, Japan). Concentrated peptides were acidified by 10% formic acid and diluted with 4 mL buffer A (25 mM NaH 2 PO 4 in 25% acetonitrile, pH 2.7) and injected onto an Ultremex SCX column (4.6 × 250 mm). SCX chromatography was carried out with a 1 mL/min flow rate using the following gradient: 5% buffer B (25 mM NaH 2 PO 4 , 1 M KCl in 25% acetonitrile, pH 2.7) for 7 min; 5 to 60% buffer B for 20 min; 100% B held for 1 min; and 5% B for equilibration for 10 min using a 4.6 × 250 mm Ultremex SCX column at a flow rate of 1 mL/min. The absorbance at 214 nm was monitored. The collected 20 fractions were desalted using a StrataX C18 column (Phenomenex, Torrance, CA) and dried in a vacuum concentrator.
Liquid Chromatography-Tandem Mass Spectrometry (LC-MS/MS)
Fractions were resuspended in the buffer (5% acetonitrile, 0.1% formic acid), and centrifuged at 20,000 × g for 20 min. The supernatant of 5 μL containing approximately 2.5 μg protein was loaded onto a LC-20AD (Shimadzu, Kyoto, Japan) for peptides separation. The peptide was loaded onto the trap column with a flow rate of 8 μL/min for 4 min, and subsequently was separated on the analytical column with a liner gradient as follows: 0 to 5 min ACN including 0.1% formic acid; 6 to 40 min 5 to 35% ACN including 0.1% formic acid; and 41 to 45 min 35 to 60% ACN including 0.1% formic acid; 46 to 47 min 60 to 80% ACN including 0.1% formic acid; and 48 min 5% ACN including 0.1% formic acid and equilibration for 10 min. The flowthrough from the analytical column was reduced by a split to approximately 300 nL/min, and the column temperature was maintained at 40
• C. The electrospray voltage of 1.6 kV vs. the inlet of the mass spectrometer was used. After the separation, the column was reequilibrated at initial conditions for 15 min. Data acquisition was performed with a Q-Exactive mass spectrometer (Thermo Fisher Scientific, San Jose, CA), which was operated in data-dependent mode to switch automatically between MS and MS/MS acquisition (Xing et al., 2015) . Survey full-scan MS spectra (m/z 350 to 2000) were obtained with a mass resolution of 70 K, followed by 15 sequential high-energy collisional dissociation MS/MS scans with a resolution of 20 K.
Database Searching and iTRAQ Quantification
After separation by chromatography and analysis by liquid chromatography-tandem mass spectrometry (LC-MS/MS), raw data files were converted into Mascot genetic format (MGF) files by Proteome Discoverer 1.2 (PD 1.2, Thermo). Proteins were identified using Mascot 2.3.02 (Matrix Science, London, UK) against a database containing 25,992 sequences (IPI chick). A mass tolerance of 0.05 Da for fragmented ions was permitted for intact peptide masses with allowance for one missed cleavage in trypsin digests, using Carbamidomethyl (C), iTRAQ8plex (N-term), and iTRAQ8plex (K) as fixed modifications, and Gln → pyro-Glu (N-term Q) and Oxidation (M) as potential variable modifications. The false discovery rate was considered in searching, and the threshold was set at 1%. Mascot 2.3.02 was further used to quantitatively analyze proteins consisting of at least 2 unique peptides, and quantitative protein ratios were weighted and normalized by the median ratio. Only ratios with a P-value < 0.05 and a fold-change (deformed/normal) > 1.2 were considered DEPs (Li et al., 2016) .
Bioinformatic Analysis
Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment analyses of DEPs were performed using the DAVID (6.8) online tool (https://david.ncifcrf.gov/) (Huang da et al., 2009).
Western Blot Analysis of Key DEPs
Western blot of 2 key proteins, parvalbumin and lipoprotein lipase, was performed to confirm the results of iTRAQ analysis. Equal amounts of protein (50 μg) from each beak sample were separated by SDS-PAGE on 4 to 12% gradient gels and transferred onto polyvinylidene fluoride membrane (Beyotime, Shanghai, China). The membranes were blocked with 5% defatted milk at RT for 2 h and incubated with primary antibodies anti-parvalbumin (ab11427, Abcam, UK), anti-lipoprotein lipase (ab21356, Abcam), or anti-GAPDH (ab22555, Abcam) overnight at 4
• C. After 3 times of washing with TBST buffer for 5 min of each, the membranes were incubated with goat antirabbit IgG (H+L), horseradish peroxidase conjugated secondary antibodies (ABclonal) at RT for 1 h. The membranes were washed for 2 times with TBST buffer for 5 min of each. Signals were detected using ClarityEnhanced Chemiluminescene reagent (Coolaber, Beijing, China) and analyzed with Image Quant LAS4000 mini (GE). Quantification of the bands was performed using Image J software, and the relative ratio was calculated by the density. The statistical analyses were performed using the SAS software (version 8.0; SAS Institute Inc., Cary, NC). Student's t-test was performed to assess the significance of the difference in relative quantification of the bands between the deformed and normal beaks. The significance level was set at P < 0.05.
RESULTS
Protein Quality and Quantity Control
The original concentration of protein each sample was presented in Table 1 . These samples were diluted accordingly. SDS-PAGE of 50 μg protein of each sample verified their equal concentration and indicated that there were no high-abundance proteins which may need removal. The strips of the gel were clear (Figure 3) . The protein was qualified for the following studies.
Identification of DEPs
The iTRAQ yielded a total of 60,057 MS/MS spectra that could be matched to known spectra using Mascot 2.3.02, of which 50,949 unique spectra were matched to 13,877 peptides. After data filtering, 12,769 unique peptides remained, which permitted identification of 3,344 proteins (Supplementary Table S1 ).
Most proteins (approximately 90%) were identified by fewer than 10 peptides ( Figure 4A ). The masses of more than 75% identified proteins ranged from 10 to 100 kDa ( Figure 4B and C). A total of 2,370, 2,401, and 2,378 proteins were quantified in the 3 biological replicates (set 1, 2, and 3), respectively, including 2,345 common proteins. Ninety-two proteins with a fold-change > 1.2 and a P-value < 0.05 in at least 2 replicates were considered DEPs. Thus, the deformed beak samples included 37 upregulated and 55 downregulated proteins (Supplementary Table S2 ). Pentraxin-related protein 3, hemopexin, lipoprotein lipase, retinoid-binding protein 7, and biliverdin reductase A were downregulated in the 3 sets, whereas parvalbumin, peptidyl-prolyl cis-trans isomerase, and ubiquitin-fold modifier 1 (UFM1) were upregulated (Table 2) .
GO Enrichment and KEGG Pathways Analyses of the DEPs
The DEPs were categorized according to their cellular component (CC), molecular function (MF), and biological process (BP) categories ( Figure 5 ). Enriched GO terms are presented in Table 3 . CC annotation revealed DEPs involved in extracellular exosome, plasma membrane, cytoplasm, and contractile fiber (P < 0.05), and focal adhesion, extracellular space, and ruffle (0.10 < P < 0.05). BP annotation highlighted cell adhesion (P < 0.05), and lipid catabolic process and osteoblast differentiation (0.10 < P < 0.05). MF annotation yielded only 1 term, heparin binding (P < 0.10). Pathway analysis returned no enriched pathways related to any of the identified DEPs.
Verification of Candidate Protein Expression by Western Blot
To further confirm the DEPs identified by iTRAQ analysis, western blot was performed to measure parvalbumin and lipoprotein lipase protein levels in deformed (D1 and D2) and normal (N1 and N2) beak samples. Because of the less total protein of D3 and N3, this set was not included in the western blot verification. Parvalbumin and lipoprotein lipase were up-and downregulated, respectively, in deformed beaks (relative to the GAPDH internal control) which may indicate their potential significance. They were therefore selected as the most important candidate proteins to be validated. Western blot results revealed higher levels of parvalbumin (P = 0.04) and lower levels of lipoprotein lipase (P = 0.04) in deformed beaks than in normal ones (Figure 6 ), which was consistent with the results of the iTRAQ experiments.
DISCUSSION
During bird beak development, neural crest cells produce skeletal and connective tissue, facial ectoderm forms outer cornified layers, and pharyngeal endoderm lines part of the oral cavity (Couly et al., 1993; Helms and Schneider 2003) , and beak morphology can be affected by any of these components . Comparative analysis of the anatomy of deformed and normal beaks indicates that skeletal tissue is severely misshapen in deformed beaks, especially the lower mandible. The beak grows from the ends of the mandibles throughout life, although the rate varies with age. Based on our observations, very few chickens with defective beaks hatch, at least not for deformities that were obvious by visual inspection. Deformity Figure 5 . Charts showing functional categorisation of differentially expressed proteins between deformed and normal chicken beaks. Proteins were categorized using GO annotation of (A) molecular function, (B) cellular component, and (C) biological process. Table 3 . Enriched GO terms of differentially expressed proteins between deformed and normal chicken beaks (P < 0.10). occurred mostly in the first 3 wk post hatching. Previously genetic analysis of beak deformity focused on molecules associated with craniofacial and/or skeletogenic development, providing insight into the molecular and genetic underpinnings of beak deformity. Herein, iTRAQ analysis was performed to identify unknown proteins and pathways related to beak malformation. In total, 37 upregulated and 55 downregulated proteins were identified in deformed beaks. Previously identified porteins/genes like bone morphogenetic protein 4 and fibroblast growth fatctor-8 regulating the beak development were not validated as DEPs in the present study. Four proteins (pentraxin-related protein 3, hemopexin, lipoprotein lipase, retinoid-binding protein 7, and biliverdin reductase A) and 3 proteins (parvalbumin, peptidyl-prolyl cis-trans isomerase, and UFM1) were downregulated and upregulated, respectively, in all the 3 sets. They were therefore denoted as putative key candidate proteins involved in beak malformation and deemed worthy of further analysis. Furthermore, ipoprotein lipase and retinoid-binding protein 7 were also identified as differentially expressed genes in the previous study (Bai et al., 2014) . Because of the limited protein samples and commercial access of secondary antibody for western blot, only expression of parvalbumin and lipoprotein lipase were further validated. Ca 2+ is a highly versatile intracellular signal that regulates many different cellular processes such as gene transcription, protein phosphorylation, ion transport, and cell differentiation (Berridge et al., 2000) . The beak is made from calcium-rich proteins (Seki et al., 2012) , and calmodulin, a molecule involved in mediating Ca 2+ signaling (Izzo et al., 2010) , is expressed at higher levels in the long beaks of Cactus finches (Abzhanov et al., 2006) . Furthermore, overexpression of CaM kinase, a downstream effector of CaM, in the chick frontonasal prominence caused an elongation of the upper beak (Abzhanov et al., 2006) . Genome sequencing also indicated that the CaM gene is expressed in one of the regions associated with beak development (Lamichhaney et al., 2015) . In the present study, parvalbumin was highly expressed in deformed beaks, and we focused on this protein as our primary candidate for association with crossed beak. Parvalbumin is a soluble intracellular Ca 2+ -binding protein with high affinity for this divalent ion (Grabarek, 2006) that is most abundant in fast-contracting/relaxing skeletal muscle fibers (Celio and Heizmann, 1982) and GABA neurons (Schwaller et al., 2004) . Parvalbumin is also involved in regulating the buffering of intracellular free Ca 2+ in both cartilage and bone cells. Parvalbumin-deficient mice had a positive Ca 2+ balance, increased trabecular mineral density and periostal circumference, and higher mechanical resistance (Belge et al., 2007) . In our previous studies, Zhu et al. (2012) revealed that the calcium content of beak in Beijing-You chickens was 7.5 to 12%, and pathway-based genome-wide association study by Bai et al. (2018b) highlighted calcium signaling pathway as the most potential significant pathways involved in beak deformity. In the present study, parvalbumin was highly expressed in deformed beaks, which may imply impaired Ca 2+ balance and decreased mineral density. Unbalanced growth of the lower beak causes it to bend to the right or left.
Lipoprotein lipase is a member of the lipase superfamily (Hide et al., 1992 ) that hydrolyzes the triacylglycerol component of chylomicrons and very low density lipoprotein , binds both lipoproteins and specific cell surface proteins (Mead and RamjiM, 2002) , and mediates vascular smooth muscle cell proliferation (Mamputu et al., 2000) . It has not been previously linked with either craniofacial or skeletal development. In the present study, low expression of lipoprotein lipase in deformed beaks may indicate its role in the regulation of craniofacial skeletal structures. Since the exploration of biological function of lipoprotein lipase was missing in the present study, the possible mechanisms that it relies on could be speculated based on the previously reported functions. Firstly, many key regulators of adipocytes are known to participate in bone metabolism. Hepatic lipase is another member of the lipase superfamily, the loss of which leads to increased expression and secretion of osteoprotegerin, impaired expression of various osteoblast differentiation markers, and a consequent increase in bone mass (Bartelt et al., 2014) . Lipoprotein lipase may also affect the bone mass as hepatic lipase. Secondly, adipose cells produce and secrete physiologically both important proteins lipoprotein lipase and leptin. All intracellular leptin was localized in the lowdensity secretory vesicles where a small pool of lipoprotein lipase being present (Roh et al., 2001 ). Expression of leptin was also observed in osteoblasts during mineralization and/or osteocyte transition (Chen and Yang, 2015) . The lipoprotein lipase may coordinate the transition together with leptin. Furthermore, PPARγ insufficiency increases bone mass by stimulating osteoblastogenesis (Akune et al., 2004 , Viccica et al., 2010 . The regulatory regions of lipoprotein lipase contain binding sites for PPARγ (Tontonoz and Spiegelman, 2008) . Therefore, it is likely that lipoprotein lipase affects beak bone formation and mineral metabolism by PPARγ.
In summary, parvalbumin and lipoprotein lipase could be firstly selected as key proteins in view of their known functions in regulating the buffering of intracellular free Ca 2+ in both cartilage and bone cells and bone mass, respectively. Their potential roles in beak deformity, however, deserve further studies.
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